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I.  Introduction 


The  major  components  of  the  MHD  loop  have  been  delivered  to 
the  assembly  area  and  the  main  effort  of  the  group  is  now  concentrated 
on  problems  of  assembly  and  preliminary  testing  of  the  various  portions 
of  the  equipment.  We  are  therefore  in  a  position  to  report  on  component 
evaluation  and  performance  of  most  of  the  auxiliary  apparatus.  Due  to 
the  expected  complexity  of  the  actueLL  testing  of  the  loop  and  the 
possibility  of  extensive  damage  which  may  result  from  Improper  opera¬ 
tion,  very  careful  and  detailed  attention  Is  being  paid  to  the  proper 
installation  and  functioning  of  all  parts  of  the  experiment.  In 
addition,  a  safety  survey  was  made  and  every  reasonable  precaution  is 
being  taken  to  insure  that  personnel  will  not  be  h\irt  in  case  of  an 
accident.  This  Includes  the  modification  of  the  present  building  and 
rearrangement  of  the  existing  equipment. 

II.  Overall  Status  of  Project 

It  is  presently  expected  that  the  closed  loop  will  be  in 
operation  within  the  next  two  months.  This  is,  however  approximately 
three  months  (25^)  behind  the  originally  planned  schedule. 

During  this  quarter  most  of  the  effort  has  been  concentrated 
on  assembly  of  the  loop  and  its  auxiliaries  as  well  as  testing,  evaluating 
and  revising  the  auxiliaries. 


Many  of  the  instruments  such  as  rheostats,  ammeters,  volt¬ 
meters,  potentiometers,  etc.  have  been  installed  in  the  control  panel. 
The  extensile  job  of  electrically  viring  between  the  control  panel  and 
the  loop  will  be  started  within  the  next  two  weeks. 

The  complete  cesium  monitoring  system  has  been  successfully 
operated  as  a  bench  setup.  It  will  now  be  dismantled  and  reassembled 
on  appropriate  panels  for  operation  on  the  bleed  flow  from  the  loop. 

An  electrical  conductivity  probe,  having  simplicity  of  design, 
has  been  built  and  given  preliminary  testing  in  water  solutions  of  known 
conductivity.  The  probe  will  be  further  tested  in  a  glow  discharge  tube 
and  on  the  smsill  MHD  generator  before  being  applied  on  the  closed  loop. 

Minor  changes  have  been  made  in  the  two  magnets  for  the  closed 
loop  and  they  have  now  been  recalibrated  and  are  ready  for  use.  The 
magnets  as  well  as  other  auxiliaries  of  the  loop  will  be  described  and 
discussed  in  later  sections  of  this  report. 

III.  Refinements  in  Design  and  Instrumentation 

The  main  reason  that  the  project  has  consumed  both  more  time 
and  money  than  was  originally  anticipated  is  due  to  the  refinements 
in  design  and  instrumentation  which  were  not  conceived  in  the  original 
plan.  It  is  firmly  believed,  however,  that  the  refinements  which  have 
been  incorporated  since  the  original,  plan  will  Justify  the  additional 
effort.  Some  of  the  refinements  are  as  follows; 
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Magnet  current  regulators  have  been  designed  and  built  to 
provide  automatic  precise  magnetic  flux  control. 

Probes  are  being  made  to  continuously  monitor  the  electrical 
conductivity  of  the  plasma. 

An  automatic  regulator  has  been  built  to  control  the  output 
of  a  D.C.  generator  which  in  turn  supplies  current  to  a  tantalvm  resis¬ 
tive  heater  for  plasma  temperature  control. 

The  generator  on  the  closed  loop  is  designed  as  a  segmented 
Faraday  device.  However,  to  make  it  function  as  a  segmented  Faraday 
device  with  no  axial  flow  of  current  it  has  been  necesseury  to  provide 
guard  electrodes  at  either  end  of  the  generator.  These  gueurd  electrodes, 
which  are  located  approximately  l/2  way  between  the  ends  of  the  generator 
and  electrically  grounded  tantalum  liner,  will  be  supplied  with  the 
appropriate  voltage  so  as  to  establish  a  zero  axied.  electrical  field 
between  the  ends  of  the  generator  and  the  guard  electrodes.  Appropriate 
power  supplies  and  electric  field  sensing  probes  have  been  designed  to 
accomplish  this  objective. 

Originally  it  bad  been  planned  to  series  connect  the  l6  pairs 
of  electrodes  on  the  motor  section  so  that  a  single  high  voltage  power 
supply  could  be  used.  The  power  supply  would  have  been  relatively  simple, 
but  it  would  have  correctly  accommodated  only  one  value  of  co  To 
avoid  this  shortcoming,  sixteen  separate  electrically  isolated  floating 
power  supplies  were  built. 


-  k  - 


A  system  has  been  designed,  built  and  tested  for  monitoring  the 
concentration  of  cesium  In  the  cesium-helium  working  fluid  of  the  closed 
loop.  !nils  monitoring  system  analyzes  a  small  bleed  flow  from  the  loop. 
The  loop  Is  provided  with  a  continuous  known  makeup  flow  of  both  helium 
and  cesium  so  as  to  establish  the  bleed  flow.  The  monitoring  system 
was  built  because  It  Is  expected  that  the  cesium-helivun  concentration 
In  the  makeup  flow  will  not  be  representative  of  the  working  fluid. 

Some  of  the  cesium  may  be  adsorbed  and  absorbed  within  the  loop. 

IV.  Safety  Considerations 

A  concentrated  effect  is  being  made  to  eliminate  the  hazards 
associated  with  the  operation  of  the  closed  loop.  An  additional  brick 
room  attached  to  the  present  building  has  been  constructed  to  house 
the  small  stralc^t  throuj^  MBD  generator  and  work-top  cabinets  which 
eure  now  In  the  present  building.  However  it  Is  unnecessazy  to  relocate 
Its  control  panel  because  of  the  proximl'ty  of  the  CMldltlon.  In  its 
present  location  the  tuiuel  blocks  an  escape  exit  idilch  is  necessary 
for  safe  operation  of  the  loop.  Also  an  additional  ssifety  exit  Is  being 
Installed.  This  expansion  will  give  sufficient  clearance  on  the  sides 
of  the  MHD  closed  loop  InsteLLlation  and  escape  routes  at  all  four 
corners  of  the  experimental  area.  Even  after  applying  these  safety 
considerations,  strict  procedures  must  be  adhered  to  because  of  the 
potentially  dangerous  materials  euod  the  relatively  limited  space. 


V.  Cox^ductlvlty  Probes 


nie  electrical  conductivity  of  the  ionized  gas  In  an  MHD 
generator  or  motor  duct  is  a  tensor  quantity.  The  electrical  conduc¬ 
tivity  peuraJlel  to  the  applied  magnetic  field  Is  equal  to  the  scalar 
conductivity  cmd  the  effective  conductivity  transverse  to  the  magnetic 
field  Is  related  to  the  scalsu:  value  by  the  foUoving  equation 


1  + 


(1) 


where 


=  trsmsverse  conductivity  in  mho/m 

<■  sccLlar  conductivity  in  mho/m 
o 

CJ.  «  electron  cyclotron  frequency  in  cps 

D 

meeui  electron  collision  time  in  seconds 

Therefore  a  measxirement  of  the  scalar  conductivity  is  needed  in  order 
to  check  the  thecnretlcal  values  given  in  the  literature. TVo  types 

L.  S.  Frost,  Journal,  of  Applied  Physics,  Vol.  52,  Ho.  1,  2029-2056, 
October  I96I. 


of  probes  cure  being  investigated.  The  first  probe  known  as  a  double 
probe  consists  of  two  parallel  thin  vires  inserted  into  the  plasma 
and  the  electriced  resistance  between  them  is  measured  by  a  low 
frequency  a-c  bridge.  With  a  resistance  versus  conductivity  ccd.ibra- 
tion  curve,  the  conductivity  of  the  plasma  is  easily  determined.  ^Rie 
second  probe  is  an  eddy  current  probe  vhich  consists  of  a  coll  of  wire 
extended  into  the  plasma  and  the  Q  of  the  coil  is  measured.  With  a  Q 
versus  conductivity  calibration  curve,  the  conductivity  of  the  plasma 
is  determined.  The  conductivity  readings  of  the  first  probe  are  more 
dlrectloned.  than  the  second;  therefore,  the  first  probe  measures 
separately  the  conductivities  parallel  axxl  transversed  to  the  magnetic 
field  by  rotation  of  the  probe.  From  these  two  measurements,  the 
electron  mobility  of  the  gas  can  be  calculated.  Ihe  magnetic  field 
must  be  turned  off  in  order  that  the  second  probe  vUl  measure  the 
scalar  conductivity. 

TVo  double  probes  have  been  constructed  and  tested  in  conducting 
liquids.  Figure  1  shows  the  construction  of  the  probe  and  Figure  2  shows 
their  placement  in  the  MHD  closed  loop  generator-motor.  The  probe 
consists  of  two  parallel  tungsten  wires  fed  through  a  ceramic  insula¬ 
ting  tube.  The  tube  is  coated  with  a  hi^  Q  dope  to  prevent  the 
ceramic  being  penetrated  with  the  conducting  liquid.  Otherwise  the 
probe  will  give  a  false  reading.  The  tungsten  wires  are  plated  with 
platinum  black  to  reduce  the  polarization  effect  that  occurs  in 
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highly  conductive  liquids.  An  Electro-measurements,  Inc.  Model  2^0-DA 

1000  cps  linpedance  bridge  was  used  to  measure  the  reslstemce  of  the 

probes  In  KCl  solutions.  Each  solution  has  a  different  concentration 

-2  +1 

of  KCl  so  that  a  range  of  conductivities  from  3-7  x  10  to  1.5^  x  10 
mho/m  was  covered.  Figure  3  shows  the  experimental  results  of  resis¬ 
tance  versus  conductivity  for  two  double  probes.  One  double  probe 
has  a  wire  diameter  of  .0633  in.  and  the  other  double  probe  has  a 
wire  disuneter  of  .013  In.  The  theoretical  values  of  resisUmce  are 
plotted  on  the  graph  for  conqpeurlson.  Theoretical  values  of  resistance 
were  calculated  from  an  equation  based  on  the  conductance  per  length 
between  two  Infinitely  long  parallel  wires.  These  values  show  that 
the  measurements  are  In  the  correct  order  of  magnitude;  however,  the 
difference  Is  due  to  the  fact  that  the  wires  of  the  probe  have  a 
finite  length. 

Teinperature,  vibration,  and  stress  analysis  was  performed  on 
the  13  mil  diameter  wire  double  probe.  The  results  of  the  temperature 
analysis  shows  that  the  wire  temperature  should  be  approKlmately  1927*C 
when  the  gas  tempera t\ire  Is  2000**  C  and  the  walls  of  the  MHD  duct  are 
1360** C.  The  calculations,  which  are  for  the  worse  case.  Indicate 
that  chazige  In  conductivity  in  the  vicinity  of  the  wires  should  be 
negligible  compared  to  the  gas  in  the  stream.  The  natural  vibration 
frequency  of  the  wires  Is  about  400  times  less  than  the  excitation 
frequency  produced  by  Khrmon  Vortices.  The  stress  produced  by  the 
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dynamic  pressure  of  the  gas  on  the  vires  at  their  rigid  end.  is  about 
10^  times  less  than  the  maximum  stress  of  the  vires  and  the  maximum 
deflection  of  a  vlre  is  less  than  4  mils.  Uhls  deflection  should 
have  negllglhle  effect  on  the  resistance  measiirements. 

Materials  have  been  ordered  for  the  construction  of  a  double 
probe  to  be  used  in  the  3/4  in.  MHD  generator  duct.  However,  first 

the  probe  vlU  be  tested  in  a  helium-cesium  discharge  tube. 

(2) 

Several  eddy-ciarrent  probes'  vere  constructed  by  L.  S. 

Frost  and  are  nov  being  investigated.  Ibese  probes  are  coupled  to 
a  grid  dip  meter  as  shovn  in  Figure  4.  The  dip  in  grid  current  at 
the  resonance  frequency  of  the  probe  decreases  vlth  increasing  conduc¬ 
tivity  of  the  media  in  vhlch  the  probe  is  inserted.  Preliminary  experi¬ 
ments  indicate  that  this  probe  may  be  a  feasible  instrument  to  measure 
conductivity.  An  advantage  of  this  probe  is  that  space  charge  sheaths 
and  temperature  boundary  layers  at  the  surface  of  the  probe  should 
have  less  influence  on  the  conductivity  measurements  than  that  of  the 
doyble  probe.  A  disadvantage  is  that  the  probe  scalar  conductivity 
measurements  must  be  meide  in  the  absence  of  the  magnetic  fields. 

VI.  Microwave  Diagnostics  for  MHD  Plasma 

An  investigation  of  microwave  techniques  to  measure  the 
electron  collision  frequency  euxi  electron  and  ion  densities  vlU  be 

— - 

'  E.  C.  Lary  and  R.  A.  Olson,  Review  of  Scientific  Instruments, 

Vol.  53,  No.  2,  1350,  December  I962. 


made.  Since  the  microwave  generator  signal  detectors  and  associated 
hardware  Eire  external  to  the  MHD  duct,  windows  must  he  inserted  in 
the  duct  walls  to  allow  the  microwaves  to  pass  through  the  duct  walls 
euid  into  the  plasma.  Since  these  walls  operate  at  temperatures  from 
1000  -  2000‘C,  it  is  difficult  to  obtain  materictls  which  axe  trans¬ 
parent  to  microwaves.  !Qierefore,  an  investigation  of  the  microwave 
properties  of  materials  at  hi^  temperatures  is  planned. 

Since  the  electron  and  ion  densities  in  the  MHD  loop  will  be 
19  -3 

appraxlmately  10  m  ,  the  microwave  wavelength  will  be  on  the  order 
of  4  to  8  mm,  in  order  to  operate  above  the  plasma  frequency.  Tbe 
materials  to  be  investigated  are  SiO^,  MgO,  Al^O^  and  various  compounds 
of  these.  The  samples  will  be  cut  to  one-half  wavelength  in  thickness 
and  inserted  in  a  rig  which  will  be  connected  to  the  wave  guides; 
therefore  reflected  waves  at  the  boundaries  of  the  window  should  be 
reduced.  Ibis  apparatus  eventually  may  become  an  Integrated  pext  of 
the  loop.  Provisions  are  planned  to  heat  the  saa^es  to  temperatures 
>dilch  simulate  the  duct  teinperature.  Measuresients  of  the  conductivity, 
dielectric  constant,  attenuation,  and  reflectivity  of  the  material  will 
be  made  as  a  function  of  teaqperatiire.  !Qien  the  best  ottterlal  will  be 
selected  for  the  window. 

An  investigation  of  the  interaction  of  microwaves  and 
acoustical  waves  to  measure  the  velocity  of  the  plasma  is  planned. 

Other  methods  of  velocity  measurements  will  be  considered. 
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VII.  Argon  Purge  and  Cooling  System  for  Return  Bend 

A  system  has  been  devised  to  circulate  sorgon  throu^  the 
annular  zlrconla  bed  between  the  tanteLLum  liner  euad  stainless  steel 
Jacket  at  the  return  bend.  I%e  argon  flow  achieves  a  two-fold 
purpose: 

1)  Gaseous  contaminants  can  be  purged  out  of  the  cavity,  euid. 

2)  A  mesms  of  heat  extraction  is  provided. 

Figure  3  shows  a  schematic  of  the  system,  nie  annular  cavity  in  the 
return  bend  will  be  filled  with  .060  inch  bubble  zlrconla  grains. 
Reference  3  shows  experimentally  that  the  bed  may  be  considered  fixed 
if. 


where  u^  is  the  superficial  fluid  velocity,  and 

u^  is  the  terminal  velocity  of  free-setting  grain  in  the  fluid. 

Transition  from  a  fixed  to  fluidized  bed  occurs  generally  for 


u^  .1  u. 
o  t 


W.  C.  lyon,  S.  Frank,  H.  R.  Scheve,  "Heat  Transfer  and  Fluid  Plow  for 
Fluidized  Bed  Reactors,"  RP  605-51,  Martin  Huclear  Division. 
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In  the  zlrconia  bed  u  Is  less  than  .01  u.  and  the  pressure 

o  t 

drop  (^p)  nay  be  calculated  for  fixed  bed  conditions  and  Reynold's 
number  (Re)  <•  10  from  the  expression 


2f  L  (l-€)^ 

Ap  -  - - - - 

8  ®p  ^^c  ® 


where  f  ■  ,  friction  factor 

Re 

and  G  »  superficial  mass  velocity  of  fluid 

o 

L  «  length  of  anmAar  flow  path 
e  a  porosity 

g  a  gra-vltatlonal  constant 

D  a  grsdn  dlawter 
P 

a  average  fluid  density  in  bed 


(2) 


On  the  basis  of  this  relationship,  ^  KW  msy  be  extracted  by 
an  surgon  flow  circulated  by  a  1  H.P.  turbine  blower.  Ihe  pressure 
drop  in  the  bed  is  the  largest  contribution  auad  absorbs  about  40)( 
of  the  available  head.  A  bypass  eunmngesKnt  has  been  incorporated 
to  allow  continuous  variation  in  flow  throue^  the  bed  from  zero  to 
full  capacity  of  the  blower. 

Purging  of  the  system  will  be  accomplished  in  two  stagts  in 
order  that  the  getter  tube  may  be  reasonably  compact.  Argon  will  be 
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blown  under  supply  pressure  downward  through  the  bed  and  exhausted  to 
the  ataosphere  Wing  wam-up,  effecting  the  removal  of  a  large  fraction 
of  the  contaminants  from  the  system.  It  would  be  too  expensive  however 
to  provide  direct  cooling  In  this  manner  and  the  blower  will  be  used 
sifter  the  initial  purge.  The  getter  tube  will  then  handle  the  last 
traces  of  oxygen  and  nitrogen  idilch  collect  In  the  argon  stream. 
Fabrication  of  the  system  is  In  progress. 

VIII.  Coaipatlblllty  of  Tantalum  and  Cesium 

Tests  on  the  small  straight  through  MHD  tunnel  have  given 
evidence  of  Inqpending  difficulty  with  the  tantalum  liner  of  the  closed 
loop.  Some  of  the  tantalxua  components  of  the  ssall  tunnel  show  an 
apparent  Incosgiatlblllty  of  tamtalum  and  cesium.  Cansidering  the 
cost  of  the  tantal\im  liner,  there  is  great  concern. 

Cesium  is  brou^t  into  the  small  tunnel  throue^  a  smsdl 
tsuitalxiffl  tube  connected  to  the  positive  dlsi>Iacefflent  cesium  feeder. 

The  small  tsuitalum  tube  extends  into  the  mixing  section  approximately 
3  inches  downstream  of  the  plasma  generator.  Ihe  cesium,  transported 
by  helium,  is  in  the  liquid  state  as  it  enters  the  tunnel  throuj^  the 
temtelum  tube.  It  is  this  small  tube  which  has  shown  the  greatest 
auBOunt  of  corrosion.  The  hottest  portion  of  the  tube  which  extexxled 
throuc^  the  slrconia  lining  of  the  mixing  chamber  was  completely 
corroded  away.  Ibe  corrosion  was  progressively  less  severe  on  the 
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cooler  portions  of  the  tube  extending  through  the  ceraunlc.  A  section  of 
the  tube  vhlch  tias  partially  corroded  avay  is  being  photomlcrographed 
to  determine  whether  the  attack  vas  on  both  the  Inside  and  outside  of 
the  tube.  In  addition,  spark  spectrographlc  techniques  are  being 
eaqployed  to  determine  the  nature  of  the  attack.  The  corrosive  attack 
evidenced  on  the  small  tunnel  Is  the  cause  of  considerable  concern  in 
that  the  geometrical  arrangement  of  the  injector  tube  on  the  small 
tunnel  Is  almost  Identical  to  that  tdilch  Is  planned  for  the  closed 
loop. 

There  has  also  been  a  corrosive  attack  on  the  electrodes  of 
the  generating  section  of  the  tunnel.  This  attack  has  manifested 
itself  by  producing  wart-like  protrusions  on  the  electrode  surfaces. 

Some  of  these  warts  have  been  removed  for  spectrographlc  determination 
of  their  composition. 

There  Is  appsirently  eua  incompatibility  between  hi^  teinpera- 
ture  tantalum  and  liquid  ceslxam,  however,  this  incompatibility  nay  not 
exist  or  may  be  less  pronounced  if  the  cesium  is  in  the  vapor  state. 

An  electrically  heated  flash  evaporator  will  be  Installed  between 
the  positive  displacement  feeder  suid  the  tunnel  so  as  to  vaporize 
and  superheat  the  cesium  before  it  enters  the  tunnel. 


IX.  Cesium  Feed  euad  Bleed  Apparatus  Test 


A.  StuBsary 

An  experlsmnt  designed  to  check  out  the  principles  of  opera¬ 
tion  of  the  ceslxm  feed  and  bleed  apparatus  for  the  closed  loop  MHD 
machlM  vas  carried  out.  Operation  of  both  the  feed  aitd  bleed 
apparatus  was  generally  successful  but  showed  the  need  for  soae 
Isprovements .  Development  work  in  the  immediate  future  will  be  done 
on  the  bleed  apparatus  since  the  evaporator  feed  apparatus  used  in 
this  experiment  is  now  regarded  as  a  backup  to  the  positive  displace¬ 
ment  feeder. 

B.  Description  of  Operation 

Ihe  feed  and  bleed  systems  together  control  the  pressure  level 

emd  the  cesium  atom  concentration  in  the  closed  loop  plasma.  Cesium  is 

Introduced  by  the  feed  system  in  which  a  flow  of  helium,  about  .1^  of 

-5 

the  loop  clrculatlx>g  flow  or  6.7^  x  10  kg/ sec,  metered  by  a  critical 
flow  orifice,  is  bubbled  throu^  a  heated  bath  of  cesium  metal  and 
thence  to  the  loop.  The  temperature  of  the  bath  detersilnes  the  vapor 
pressure  of  the  cesium  sjid  hence  the  cesium  atom  concentration  in  the 
cesium  saturated  helium  leaving  the  bath.  A  flow  of  loop  gases  equal, 
to  the  feed  flow  plus  other  additions  for  cooling  gages,  etc.  Is  bled 
from  the  loop  through  the  bleed  system.  Therein  the  gases  art  cooled 
and  divested  of  their  cesium  vapor  by  contact  with  water.  The  cesium 
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atom  concentration  In  the  bleed  gases  la  deduced  from  the  gas  flow, 
water  flow  and  CsOH  concentration  In  the  water  as  determined  by 
electrical  conductivity. 

In  the  closed  loop  MHD  machine  the  feed  and  bleed  systeois 
are  connected  to  sepcuiate  points  in  the  vicinity  of  the  siotor  inlet. 
In  this  experlisent  the  feed  system  was  directly  connected  to  the 
bleed  system  and  some  of  the  auxiliary  appeuratus  planned  for  the 
closed  loop  system  was  osiltted.  The  ce8iuB>heliua  feed  suod  bleed 
experlMntsd.  setup  is  as  shown  on  Figures  6  and  7*  Referring  to 
Figure  7  the  electrical  controls  are  mounted  on  the  panel  at  the 
extreme  right  of  the  picture.  The  cesium  metal  containing  apparatus 
and  the  measuring  burets  are  located  under  the  hood  idiich  is  enclosed 
by  1/2"  translte  peuiels  during  operation.  Ihe  scrubber  and  main 
collector  are  In  front  of  the  hood.  Helium  and  water  valving 
manifolds  and  line  heater  control  cure  to  the  left  of  the  hood  and 
gas  metering  equlpsmnt  is  at  the  extrew  left.  Ibe  cesium  supply 
bottle  is  beneath  the  bench.  Water  and  helium  cure  brought  by  over¬ 
head  lines  from  water  conditioning  equipment  and  gas  bottles  not 
shown.  The  bucket  on  the  floor  acts  as  a  sump  for  the  water  from 
the  outlet  of  the  scrubber  and  water  is  lifted  from  the  bucket  to 
the  sink  by  a  centrifuged,  punqp. 

Operation  of  the  experimental  system  is  as  follows.  The 
cesiiun  is  piped  into  the  system  from  a  bottle,  and  after  purging  all 
possible  paths  in  both  the  feed  and  bleed  system  with  helium,  the 
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conuunlcating  valve  is  opened  and  a  telescoping  tul>e  is  lowered  Into 
the  bottle.  Cesium  is  then  driven  into  the  evaporator  via  v8  and  V2 
by  helium  controlled  at  5  pslg  by  the  pressure  reducing  valve.  When 
the  cesium  reaches  the  high  contact  in  the  evaporator,  the  relay  is 
energized  smd  V2  is  deenergized  thereby  closing  and  stopping  the 
cesium  flow.  When  the  cesium  level  goes  below  the  lower  contact 
due  to  evaporation,  the  relay  is  deenergized  and  V2  is  energized  to 
open  position.  Ihus  the  cesium  level  is  maintained  between  the  upper 
and  lower  contacts. 

Cesium  teaqiMrature  in  the  evaporator  is  maintained  by  a 
recorder- controller  which  controls  the  evaporator  heater.  Ihe  walls 
of  the  tube  connecting  the  evaporator  to  the  scrubber  are  maintained 
at  a  temperature  above  the  dew  point  of  the  cesium  by  a  line  heater. 

A  large  quantity  of  cesium  is  needed  in  starting  up  the 
loop.  This  is  supplied  by  energizing  VI  thus  bypassing  the  critical 
flow  orifice  and  admitting  a  large  amount  of  helium  to  the  evaporator, 
violently  agitating  the  bath,  and  causing  cesium  to  "slop  over"  into 
the  outlet  tube. 

The  scrubber  is  supplied  with  1  gpm  flow  of  either  deionized 
or  softened  water,  which  enters  the  scrubber  tangentially  and  coats 
the  wall  of  the  vertical  tube.  Downstream  of  the  scarubber,  water 
can  be  diverted  either  into  the  main  collector  or  to  the  sxuop  by 
energizing  or  deenergizing  normally  closed  Vl$  and  normally  open  V21. 
In  normal  operation  softened  water  is  run  throu^  the  scrubber  but 


diverted  from  the  main  collector.  Prior  to  a  saiqple  period  the  scrubber 


supply  Is  switched  to  deionized  water  and  when  the  deionized  water 
conductivity  cell  shows  .2  (i  laho/cm  or  lower,  Indicating  that  all 
soft  water  Is  flushed  out,  the  flow  Is  switched  to  the  main  collector 
for  a  measured  period  during  which  total  gas  flow  Is  metered  by  a  wet 
test  meter  and  by  a  domestic  type  gas  meter. 

A  water  sample  from  the  main  collector  is  driven  Into  the 
100  ml  buret  by  helium  admitted  to  the  collector  via  V20.  This  sample 
Is  run  Into  the  sample  conductivity  cell  and  diluted  with  deionized 
water  previously  admitted  to  the  250  ml  buret  via  VI9. 

The  concentration  of  cesium  atoms  in  the  helium  flow  can  be 
calculated  as  follows. 


^  cesium  atoms 


gm-mols  total  cesium  flow 
gm-mols  total  helium  flow 


M 

X  100  =  -p  X  100 
"h 


(3) 


idiere 


Total  helium  wei^t  flow  (Wj^) 

**h  "  Moleculsu:  wei^^t  of  helium  " 


i^) 
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(p^,  and  are  respectively  pressure,  total  volume,  cuod  teinpera- 

ture  of  helium  at  the  meter  and  gas  constant  for  hellvun). 


**c  “  1000  “  1000 


(5) 


1  V  ^ 


1000  w  1000-A_ 


V. 

8 


(6) 


V  >  C  ,  C  ,  V  ,  V  ,  L  and  are  respectively  uater  total  volume  flow, 

measured  concentration  of  CsOH  in  water  and  diluted  water  sample 

(7;”-),  volume  of  sample  (ml),  volume  of  sample  diluent  water  (ml), 

measured  conductivity  of  diluted  water  sample  (u  mhos/cn),  and 

2 

computed  conductivity  of  CsOH  solution  (mho-cm  /mol). 

Conductivity  (^)  can  be  reeid  directly  from  Figure  8  if 
infinite  dilution  is  assumed.  Ibis  assumption  results  in  less  than 
1^  error  for  samples  diluted  to  100  u  mhos/cm  or  less  ^ich  is  full 
scale  for  the  Instrument. 

Ibe  cesium  atom  concentration  can  be  computed  from  the  tempera¬ 
ture  of  the  cesium  bath  and  the  cesium  flow  also.  !lbus,  on  the  ass\mption 
that  the  cesium  vapor  behaves  as  a  perfect  gas  and  that  the  vapor  leaving 


the  bath  is  saturated: 
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P 

Mass  of  cesluM  In  He-Cs  Mixture  ^  c 

l4iss  of  helium  in  &e>Cs  alxiure  “  P. 

11 


(m^  aod  are  respectively  the  molecular  velc^ts  of  cesium  emd  helliun). 
Vai>or  pressvire  (P^)  vs.  tenperature  for  cesium  can  be  read  frost  Figure  9. 

At  the  conclusion  of  the  test  the  cesium  remaining  in  the 
evaporator  after  the  experlMnt  is  driven  back  to  the  supply  bottle  by 
closing  VI6  and  V13  via  the  salvage  valve  eurtd  V8.  Ihe  helium  displaced 
from  the  bottle  is  bubbled  into  the  cesium  disposal  susp  via 

The  experimental  system  Included  aoae  of  the  safety  features 
planned  for  the  closed  loop  system,  for  Instsmce,  a  poser  failure 
Interrupts  the  flov  of  cesium  to  the  sump  by  closing  V2  and  svltches 
the  eater  flov  direct  to  the  eater  sump  by  closing  Vl^  and  opening  V21. 
Also  the  cesium  In  the  evaporator  can  be  dumped  under  helium  cover  to 
the  kerosene  sump  by  manually  releasing  a  spring  loculed  punch  against 
a  thin  diaphragm. 

C.  Test  Procedure  and  Results 

Initially  the  evaporator  was  filled  only  to  the  lower  contact 
and  the  cesium  saturated  vapor  was  directed  to  the  water  filled  main 
collector  without  cuoy  water  flow.  The  evaporator  was  heated  to  400*C. 

In  this  mode  occasional  popping  sounds  which  Increased  In  frequency  when 


c 

"h 


M. 


c 
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the  "Inch"  button  was  held  down  for  10  seconds  Indicated  that  droplets 
of  cesium  vere  reacting  explosively  vlth  the  water  in  the  main  collector. 
Pinging  sounds  vere  heard  when  the  water  flow  was  started  and  directed 
to  the  water  sump.  These  effects  are  probably  due  to  condensation  of 
cesium  in  the  unheated  3"  of  vertical  line  above  the  scrubber. 

!nie  combined  helium  and  water  flow  produced  a  2  psi  drop 
across  the  scrubber.  Since  friction  pressure  drops  are  canputed  to 
be  very  much  lower  than  this  it  is  believed  the  scrubber  operates 
nearly  full  of  water.  Since  the  pressure  drops  vere  lover  in  the 
glass  model  tests  which  were  pjrevlously  performed,  it  is  assumed 
that  the  additional  pressxare  drop  is  due  to  the  constriction  in  valve 
V15  idilch  was  not  in  the  model  tests. 

It  was  noted  that  sifter  trying  the  inch  button  the  "hl^ 
cesium"  llc^t  vent  on  and  stayed  on  indicating  that  the  insulators 
for  the  blgb  and  low  ceslxim  contacts  were  wetted  by  the  cesium. 

There  was  a  certain  amount  of  white  irritating  vapor  released 
from  the  water  sump  indicating  that  not  sdl  of  the  cesium  was  removed 
in  the  scrubber.  However  no  alksillnity  was  detected  in  the  vet  test 
meter  bath.  It  is  probable  that  no  cesium  gets  by  the  main  collector 
idien  the  helium  is  bubbled  throuc^  it  sifter  passing  throuc^  the  scrubber. 

AnsUysls  of  test  res\alts,  made  by  bubbling  a  measured  amount 
of  cesium-helium  mixture  throu^  a  known  susount  of  water  in  the  main 
collector,  yielded  a  1.7^  cesium  atom  concentration  by  the  cesium 
vapor  pressure  method  suad  2.k^  by  CsOH  concentration  in  the  water. 
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Inproveiaent  In  technique  Is  obviously  necesssury  to  give  more  assurance 
of  the  seeding  concentration  Bteasureisent.  laqprovesients  needed  are 
better  cesium  bath  tenperature  control  and  better  sampling  procedure. 

Because  of  the  vetting  of  the  Insulator  around  the  "hl£^ 
cesium"  Indicator  contact,  the  autooatlc  level  control  feature  of 
the  feeder  vas  not  tried.  However  solenoid  V2  Is  capable  of  con¬ 
trolling  the  flow  of  cesium  emd  veil  adapted  to  the  Intended  purpose 
eu>d  there  Is  no  reason  to  believe  that  this  feature  is  not  workable 
If  the  vetting  of  the  contact  Insulators  can  be  remedied.  It  is 
believed  that  this  can  be  readily  accomplished  by  locsLL  heating  of 
the  Insulator  contacts. 

A  preliminary  test  prior  to  the  run  showed  that  the  10  micron 
filter  In  the  cesium  salvage  line  had  inadequate  flow  capacity.  Ibis 
filter  vas  eliminated  prior  to  the  run. 

Continuous  recording  of  the  cesium  metal  temperature  shoved 
that  the  cesium  bath  could  be  controlled  to  within  +  of  the  desired 
temperature.  More  accurate  temperature  control  may  be  needed  to  give 
sidequate  control  of  the  cesium  atom  concentration  because  cesium  vapor 
pressure  Is  extremely  temperature  deiwodent. 

The  water  conditioning  equlpaient  functioned  adequately,  the 
deioniser  held  conductivity  below  .2  micro  idio/cm  at  1  gpm  flow  and 
the  hardness  measured  as  CaCO^  at  the  softener  outlet  vas.  too  low  to 
be  detectable  by  the  AZO  dye  method.  One  charge  of  deionizing  resin 
vas  depleted  in  the  test.  Ibe  reasons  for  this  rapid  depletion  are 
being  souc^t. 
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The  domestic  type  gas  meter,  Bockvell  Manufacturing  Coopajoy 
No.  510,  gave  readings  within  +  .5^  of  those  obtained  fron  the  wet  test 
meter  but  only  if  an  Integral  number  of  revolution  of  the  fast  pointers 
on  both  meters  was  timed. 

D.  Conclusions 

1)  llie  evaporator  feeder  is  a  satisfactory  system  if  the 
wetting  of  contact  insulators  is  remedied.  More  accurate  tenqperatujre 
control  is  needed. 

2)  The  basic  principle  of  the  bleed  apparatus  is  satisfactory 
but  the  flow  resistance  through  the  system  should  be  reduced  to  avoid 
excessive  back  pressure  in  the  closed  loop  MHD  machine. 

5)  The  operating  procedure  and  sas^Hi^S  smthod  for  the  bleed 
apparatus  is  cuniberscne  the  apparatus  should  be  revised  to  remedy 
this  condition. 

£.  Recommendations 

1)  Concern  over  the  hazard  of  the  approximately  1.5  lb  of 
cesliun  at  500” C  in  the  evaporator  and  the  experimental  evidence  from 
5/4"  tunnel  tests  that  conductivity  of  the  plasma  does  not  rapidly 
change  when  seeding  is  Interrupted  has  led  to  the  decision  to  use 
the  existing  positive  displacement  apparatus  to  seed  the  closed  loop 
MHD  smchlne.  Development  of  the  evaporator  feeder  should  therefore 
be  discontinued  for  the  immediate  future.  It  should  be  remeaibered 
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that  this  apparatus  Is  available  and  could  be  used  with  only  a  snail 
amount  of  development. 

2)  The  bleed  system  should  be  panel  mounted  and  revised  so 
that  in  normal  operation  the  bleed  helium  has  only  a  single  path 
through  the  apparatus,  with  no  need  for  disassembly  and  cleaniisg  of 
peurts  during  saopllng. 

3)  The  positive  displacement  feed  system  should  be  revised 
to  permit  repeated  filling  of  the  cylinder  and  transfer  of  13  lb  of 
cesium  to  a  single  container  so  that  enough  cesliim  can  be  stored  in 

the  apparatus  to  carry  out  a  30  hour  test.  A  heater  should  be  installed 
downstream  of  the  cesium  valve  to  insure  that  all  cesium  Is  vaporized 
before  it  enters  the  loop. 

h)  Vhen  iterations  2  and  3  are  complete  the  3/^"  tunnel 
should  be  run  to  check  out  the  revised  positive  displacement  feed 
appeuatus  and  techniques  and  to  perform  a  controlled  experiment  to 
determine  the  effect  of  cesium  on  tantalum  under  tunnel  conditions. 
Following  this  run  the  revised  bleed  system  should  be  direct  connected 
to  the  feed  system  outlet  and  a  combined  run  should  be  made  to  rigorously 
check  out  the  accuracy  of  measurement  of  cesium  atom  concentrations. 

3)  As  a  future  improvement  the  system  should  be  revised  to 
permit  continuous  monitoring  of  water  conductivity,  water  flow  and 
helium  flow  in  order  to  simplify  measurements  of  percent  cesium  atoms. 

6)  In  future  tests  the  helium  and  water  flows  away  from  the 
bleed  system  shoid  be  observed  for  evidence  of  alkalinity  to  evaluate 
the  effectiveness  of  cesium  removal. 


X.  Motor  Section  Power  Supply 


Tests  were  run  to  evaluate  the  coeoplete  motor  power  supply 
under  simulated  operating  conditions.  It  was  found  that  the  circuits 
performed  satisfactorily  and  were  easily  controlled.  All  circuits 
were  loaded  to  approximately  20  amperes >  the  maximum  allowable  current, 
and  the  voltage  averaged  about  l80  volts.  This  represents  a  total  i>ower 
output  of  72  KW  from  the  20  circuits  of  the  power  supply.  Since  all  of 
the  components  ran  without  overheating,  apparently  there  will  be  no 
cooling  problem  during  future  operation. 

It  was  found  that  the  output  voltage  of  any  particular  pair 
of  terminals  on  the  power  supply  was  not  significantly  altered  by  the 
loading  on  the  other  circuits. 

At  the  nmxlmum  setting  of  the  powerstats  which  are  used  to 
control  the  motor  power,  it  was  found  that  the  output  voltage  was  203  V 
while  the  output  circuits  were  loaded  to  their  maxi  mum  rating  of  20  amps. 
Based  on  the  original  design  a  maximum  voltage  of  173  V  \inder  loaded 
conditions  was  required.  Ihe  additional  28  V  will  provide  a  safety 
factor  in  starting  the  loop.  Figure  10  shows  the  effect  of  powers tat 
setting  and  current  flow  on  the  output  voltage. 

XI.  Motor  and  Generator  Magnets 

Both  magnets  have  been  assembled  and  installed  in  their  operating 
positions,  as  shown  in  Figure  11.  Pole  piece  extensions  have  been  added  to 
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Improve  the  uniformity  of  the  aagnetic  field,  amd  Figure  12  is  a  magnetiza¬ 
tion  curve  for  this  new  pole  piece  arrangement.  Rote  that  the  required 
flux  density  of  1.7  vebers/sq  meter  is  achieved  at  a  current  of  65^  amperes, 
and  that  a  cvurrent  overload  of  10  percent  produces  a  flux  density  of  1.78 
webers/sq  meter. 

The  three  current  regulators  have  been  built  and  debugged,  one 
of  vhlch  vlU  be  used  to  control  an  end  return  heateramd  the  other  two 
will  operate  the  magnets.  Detailed  schematic  drawings  are  shown  in 
Figure  13,  l4,  and  15,  regulator  No.  1  differing  from  the  others  only 
in  the  wiring  arrangement  of  the  variac  motor.  Die  current  regulator 
was  used  to  oi>erate  the  motor  section  magnet  while  obtaining  the  data 
for  the  magnetization  curve  and  field  napping.  The  performance  curve 
appears  in  Figure  l6.  At  the  operating  point  of  1.7  webers/sq  meter, 
the  regulator  can  maintain  the  set  value  within  +1*2  percent. 

The  working  volume  of  the  magnet  was  mapped  with  the  pole  piece 
extensions  bolted  into  place.  The  results  are  shown  in  Figures  17,  l8, 
and  19.  Along  the  centerline,  the  flux  density  drops  5 >9  percent  from 
the  center  to  the  ends  of  the  motor  section.  In  the  horizontal  and 
vertical  directions  the  sinxiaua  deviation  at  a  flux  density  of  I.7 
vebers/sq  meter  is  ^  .  This  is  a  considerable  improvement  over  the 
maximum  deviation  of  20  percent  reported  in  Interim  Report  No.  3  for 
the  same  magnet  without  the  pole  piece  extensions. 
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XII.  Some  Generator  Losses 


A.  Electrode  Circulating  Current  Power  Loss 

Whenever  the  ratio  of  the  electron  cyclotron  frequency  to  the 
effective  collision  frequency,  Co'Xi,  is  not  saall,  transverse  currents 
in  em  MHD  generator  produce  axiad  (Hell)  volteige  gradients.  If  the 
generator  has  continuous  electrodes  the  axial  voltage  gradient  causes 
axial  current  to  flow  resulting  in  a  power  loss.  One  vay  to  reduce 
this  loss  is  to  have  many  pairs  of  electrodes  with  insulation  between 
each  pair  (otherwise  known  as  segeented  electrodes)  reducing  the  axial 
current.  In  order  to  make  this  loss  of  power  zero  an  infinite  rnunber 
of  electrodes  per  unit  of  axial  length  are  required,  a  practical 
impossibility.  With  a  finite  size  of  electrode  there  are  small  axial 
currents  associated  with  each  electrode  pair  which  represent  a  power 
loss. 

Obe  current  distribution  in  an  MHD  generator  with  conductivity 

(4) 

a  tensor  queuitl'ty  was  studied  by  Burwitz  et  al.'  '  The  results  of  the 
study  were  used  by  Dziang^^^  to  investigate  power  losses  associated  with 
finite  electrode  spacing  and  with  clrcxilating  cxunrents  at  the  duct  ends. 

H.  Hurwitz,  Jr.,  R,  W.  Kllb,  and  G.  W.  Sutton,  "Influence  of  Tensor 
Conductivity  on  Current  Distribution  in  a  MHD’ Generator,"  Journal  of 
Applied  Physics,  Vol.  52,  Humber  2,  February  I96I,  pp.  205-216. 
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Dzung  proposed  a  power  reduction  factor,  r,  which  Is 


r 


1  +  p 


(7) 


where  7  Is  the  conqpensatlon  factor  for  Hall  current  (7  a  0  for  continuous 
electrodes,  7  a  i  for  Infinitely  segmented  electrodes)  and  ^  Is  the 
product  4^ An  alternate  expression  for  P  Is 


^  a  a 


(8) 


where  \i  Is  the  electron  mobility  (sq  m/weber)  axd  B  Is  the  magnetic  flux 
density  In  webers/sq  m.  inils  power  reduction  factor  can  be  Incorporated 
Into  an  effective  conductivity  idilch  Is 


r  o' 


8 


(i-^) 

1  +  P 


'8 


(9) 


where  ^  Is  the  magnitude  of  the  gas  conductivity.  The  compensation 
6 

factor  7  Is  a  function  of  P  and  the  electrode  spacing  (2fd)  where  p  Is 
the  spacing  parameter.  The  electrode  spacing  In  the  generator  Is 


2  f  d  a  1.0  In.  »  0.0254  m 


resulting  In 
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f-  0.182  . 

Ibe  value  for  in  the  working  fluid  He  +  0.015  Cs  (Interim  Report  No.  2) 
is 


P  «  1.568 


Using  the  values  for  ^  ^  Figure  5  of  Dzung's  paper  ve  get  a  value 

for  7  of 


7  a  0.685 


Uie  power  reduction  factor  r  is  now 

r  -  0.775  . 

In  other  words  the  closed  loop  generator  will  produce  only  77.5  percent 

of  the  power  theoretically  attainable  with  infinitely  segmented  electrodes. 

The  effective  conductivity  9*^  using  the  value  in  Interim  Report  No.  2 

for  ^  and  equation  (9)  is 
6 

-  r  ^  •  0.775  (l4.5l»)  -  11.27  ^ 

eg  m 


(10) 
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Ibe  power  reduction  factor,  r,  must  be  applied  In  addition  to  that  for 
end  return  leakage  current  losses  which  will  be  discussed  below. 

B.  End  Eddy  Current  Power  Loss 

Dzung^^^  Investigated  power  loss  In  an  MHD  appeuratus  from 
circulating  cvirrents  at  the  ends,  where  the  circulating  currents  are 
the  resvilt  of  a  decrease  In  the  magnetic  flxnc  density,  £.  Be  treated 
the  extreme  case  of  B  »  0  everywhere  outside  of  the  generator. 

Ibis  Is  not  true  for  our  generator,  rather  the  flux  density 
continues  for  a  slgnlflcsmt  distance  from  the  end  electrodes,  especially 
with  the  eddltlon  of  the  pole  piece  extensions  discussed  earlier  In  this 
report.  Therefore,  the  end  eddy  current  power  loss  will  be  neglected 
at  this  point,  but  an  effort  will  be  made  to  evaluate  its  contribution. 
If  any,  experimentally. 

C.  End  Ret\u:n  Leakage  Current  Power  Loss 

The  transverse  currents  In  the  closed  loop  generator  will 
produce  an  axled  (Hall)  voltage  gradient.  Because  both  temtaliim  end 
returns  are  grounded,  a  leakage  current,  I^,  will  flow  out  of  one  end 
of  the  generator.  Into  the  tantalum  end  return  throuc^  ground,  out  of 
the  other  end  return  and  back  into  the  other  end  of  the  generator. 

Ibis  axial  voltage  gradient  and  the  resulting  leakage  current  ere 
Illustrated  in  Figure  20. 
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In  Interim  Report  No.  2  this  power  loss  was  calculated  using 
the  electrical  leaJcage  factor,  C,  which  was 

C  =  -  a  0.504 

P  L  + 

Ihls  means  that  the  closed  loop  generator  will  produce  only  50.4  percent 
of  the  power  theoretlca3J.y  attainable  with  Infinitely  segmented  electrodes. 

Ihls  end  return  power  loss  Is  particularly  objectionable  because 
It  Is  a  characteristic  of  this  particular  apparatus  rather  them  of  MHD 
generators  In  general.  For  Instance  a  greater  separation  between  the 
generator  and  the  end  returns  would  reduce  this  loss.  If  the  end 
returns  were  constructed  of  an  Insulating  material  this  loss  would 
dlsappesu:. 

Steps  have  been  taken  to  eliminate  this  loss  by  the  Insertion 
of  guard  electrodes  between  the  ends  of  the  generator  and  the  grounded 
end  returns.  Ihe  guard  electrodes  sure  discussed  later  In  this  report. 

D.  Numerlcsil  Values  of  the  Two  Losses 

inie  generator  output  power,  (idesd)  assuming  sui  Infinite 
segmentation  of  the  electrodes  auod  no  end  return  power  losses  would  be: 


&  ^ 


(T'  IT  B“  L  k 
g  g  g  'g 


(1  -  ig) 


(10) 
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where  the  symbols  are  as  defined  in  Interim  Report  No.  2.  The  values 

for  these  symbols,  assuming  V  »  175  volts,  U  ■  425  m/sec  and  a 

m  m  g 

0.6,  are 


^  =14.54  mho/m 
6 

U  »  472  m/sec 
g 

o 

B  =>  1.7  webers/m 

L  =  0.4  m 

A  =  0.00589  m^ 
g 

Substituting  these  values  into  equation  (10)  gives 

P  .  =  3.49  kilowatts 
gl 

Ibe  corresponding  equation  Including  the  two  losses  discussed 

above  Is 


Substituting  the  values  from  equation  (lO)  adong  with  the  values  for  r 
and  C  gives  for  the  power  P  : 

s 


P  >1.36  kilowatts 
8 
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Tbe  gueo^  electrodes  by  eliminating  the  end  return  leakage 
current  will  Increase  the  power  output,  P  (guard  electrode),  to 

P  -2.70  kilowatts 

es 

XIII.  Hall  Voltage  Guard  Electrodes 

The  guard  electrodes  decrease  power  loss  and  permit  one  to 
euialyze  the  operation  of  the  generator  as  a  segmented  Faraday  device. 
These  electrodes  prevent  axial  Hall  currents  from  flowlxig  from  the 
end  electrodes  to  the  tsmtalum  liner  (end  return).  Ihese  electrodes 
are  located  approximately  half  way  between  the  end  electrodes  of  the 
generator  and  the  beginning  of  the  tantalum  liner  (see  Figure  2). 

Each  electrode  consists  of  a  rectangular  piece  of  tantalum 
Imbedded  In  the  bricks  so  that  It  Is  flush  with  the  four  walls  of  the 
duct.  !nie  guard  electrodes  are  maintained  at  a  potential  so  that  the 
voltage  gradient  eLLong  the  center  line  of  the  duct  between  the  guard 
electrodes  suid  adjacent  generator  end  electrodes  is  zero;  therefore, 
the  current  ad.ong  the  center  line  is  zero.  Provisions  have  been  made 
to  Increase  the  temperature  of  a  portion  of  the  guard  electrodes  so  that 
their  ciirrent  Is  not  limited  by  thermionic  emission. 

Each  pair  of  probes  near  the  guard  electrodes  (labeled  voltage 
probes  in  Figure  21  and  velocity  probes  in  Figure  2)  serve  two  purposes. 
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The  first  purpose  is  to  sense  the  axial  voltage  gradient  which  must  be 
nade  zero,  cmd  the  second  is  to  measure  the  gas  velocity  entering  and 
leaving  the  generator.  Since  the  probes  are  in  a  magnetic  field  the 
voltage  between  them  is  proportional  to  the  velocity.  They  will  be 
used  to  maintain  a  constant  velocity  in  the  generator  duct  under 
different  loading  conditions. 

The  region  between  the  guard  electrodes  and  the  generator  ends 
is  am  axlail  electric  field  free  space.  This  field  free  space  will  also 
be  used  for  conductivity  auctd  tesqperatiire  measurenents. 

The  gufu^  electrode  power  sxipply  schematic,  shown  in  Figure  21, 
is  manually  controlled  by  two  powerstats.  Manual  rather  than  automatic 
control  was  chosen  for  simplicity.  The  center  line  voltaige  gradient 
will  be  made  zero  by  appropriate  adjustments  of  the  powerstats.  The 
rauage  switches  permit  the  operator  to  have  an  increasingly  sensitive 
measure  of  this  voltage  gradient. 

The  power  supply  outputs  deliver  a  variable  voltage  from  zero 
to  505  volts  d.c.  and  a  continuous  duty  current  of  28  amperes.  A  hl^ier 
output  voltage  can  be  obtained  with  the  extra  taps  on  the  isolation 
trcmsformer,  and  a  short  time  current  drain  of  amperes  per  circuit 
is  permlssable. 

One  must  keep  in  mind  that  the  guard  electrodes  are  necessary 
only  because  the  liner  (end  return)  is  made  of  a  conducting  material. 


tantalum.  Tiantalum  was  used  to  avoid  eontaalnatlon  of  the  working  fluid 
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Fig.  if  -Schematic  of  eddy  current  probe  measuring  circuit 


DWG.  625A9^7 


Argoj 

Supp 


Valve 


Lg.  3  -  Schematic  Diagram  of  Argon  Purge  and  Cooling  System 
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I.  Introduction 


9w  electric  utility  Industry  Is  one  of  the  nost  progresslTe 
In  the  country,  alvays  looking  for  better,  acre  efficient  and  nore 
econoalc  neans  of  power  generation.  Since  the  turn  of  the  century, 
there  has  been  an  eightfold  Increase  In  the  electrical  energy  extracted 
for  each  unit  of  fuel  used^^^  with  corresponding  decrease  In  power 
cost.  These  Inproveaents  have  been  brouf^t  about  by  progressively 
better  stean  conditions,  and  today,  aodem  generating  plants  are 
using  super  critical  stean  turbines  at  pressures  of  ^000  psi  and 
tenperatures  In  the  range  of  1100  *  1200*F. 

In  recent  years,  however,  the  rate  of  iaprovenent  in  stean 
power  plant  perfomance  has  declined  considerably,  owing  to  the  fact 
that  stean  plants  now  have  nuch  less  roon  for  laprovenent  than  pre¬ 
viously.  If  further  large  gains  In  Isqprovenent  are  to  be  nade.  It 
seens  that  sone  new  neans  of  power  generation  nust  be  develofped. 

Anong  these  new  neans  that  are  soneirtwre  over  the  horlson  Is  the 
nagnetohydrodynaalc  generator. 

Reactor  technology,  of  course,  has  been  developing  at  a  rkpid 
pace  over  the  past  1?  years  and  considerable  progress  has  been  nade 
toward  the  goal  of  econonlcally  coapetltive  power  generation  by  nueleer 
neans.  Slstorleally,  reactor  tenperatures  have  been  relatively  low. 


the  vater  reactors  operating  Ylth  coolant  te^perature8  around  600*F  and 
the  hl^st  to  date  being  in  the  range  of  900  to  1000*F.  Experlaental 
MHD  generators  on  the  other  hand  hare  utilized  lueh  higher  teeperatures. 
In  the  range  of  4^00  to  ^OOO'F. 

Recent  aetirlties  In  these  tvo  techxMlogles,  hofesTer,  have 
shown  soBK  Interesting  trends.  Reactor  teapezatures,  while  relatival/ 
low,  have  been  aovlng  steadily  upward.  They  have  gone,  as  aentloaed 
previously.  In  recent  years  from  600  to  nearly  lOOO'F,  and  reactors 
for  much  higher  tenperature  operation  are  now  being  designed.  With 
recent  Investigations  In  nonthermal  ionization,  the  theoretical  possi¬ 
bility  now  exists  of  generating  power  In  an  HHD  duct  at  any  teapearature. 
The  requirement  for  good  cycle  efficiency,  however.  Imposes  a  lower 
limit  on  (Operating  tenperature. 

The  conblnatlon  of  these  two  developments  is  shown  in  Figure  1. 
The  purpose  of  this  paper  Is  to  outline  the  technical  problems  Involved 
In  combining  a  gas-cooled  reactor  with  a  NED  generator  to  fora  a  closed 
loop  power  generation  coaplez  at  a  tenperature  irtileh  appears  reasoaBbly 
attractive  for  both  concepts. 

II.«  Definition  of  Terms 

Before  discussing  the  design  of  a  system  and  the  problM  areas 
Involved,  a  brief  treatment  of  some  of  the  ]^lnelples  involved  aiqr  be 
helpful.  This  section  contains  a  vexy  brief  qualitative  dlseussion  of 


( 
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MED  theory,  brief  nentlon  of  the  types  of  equipaent  used  in  the  power 
coeplex,  and  a  discussion  of  the  requireaents  for  the  working  fluid. 

A.  Principles  of  MHD  Power  Generation 

IfagoetohydrodynaBic  (NED)  power  generation  is  a  aethod  of 
direct  energy  conversion  in  which  an  electrically  conducting  gas  moves 
throuc^  an  enclosed  duct  in  idiich  a  strong  magnetic  field  is  maintained, 
thereby  converting  part  of  the  total  enthalpy  of  the  gas  into  electrical 
energy.  Current  is  drawn  off  from  electrodes  along  the  sides  of  the 
duet.  The  process  is  similar  to  a  conventional  electrical  generator, 
in  which  a  solid  conductor  is  moved  through  *  magnetic  field  to  obtain 
electricity.  Other  than  the  absence  of  moving  parts  in  the  MED  generator, 
the  main  difference  is  that  in  a  gas,  the  "Hall  effect"  is  much  more 
pronounced  than  in  a  solid.  Mlcroscopleally,  this  effect  is  the  resultant 
of  two  types  of  electron  motion:  gyration  around  magnetic  lines  of 
force  and  collision  with  other  atoms  and  molecules  in  the  working  gas. 
Nacroscoplcally,  this  effect  manifests  itself  in  a  dlsplaceaent  of  the 
electric  current  vector.  The  magnitude  of  this  effect  is  measured  by 
the  "Hall"  coefficient  Ci3  where  Co  is  the  electron  cyclotron 
frequency  and  ^  is  the  mean  free  time  of  electrons  between  coUisimis. 

In  the  design  of  an  NED  generator,  one  has  to  consider  not  only  the 
usual  thermodynamic  and  hydrodynamic  relations,  but  also  the  Ball 
effect  and  the  electrodynaaie  relations  given  by  Mocwmll's  eqisations. 
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theory  of  MED  power  generation  has  been  considered  by  Mmy 

Inyestlgators.  In  particular,  the  relation  between  Hall  effect  and 

(2 

gexierator  configuration  has  been  extenelrely  treated.^  Three 
generator  configurations  can  be  derlsed  to  give  good  perforaanee 
characteristics  for  all  values  of  Af'tii  the  continuous  electrode 
configuration  (Figure  2b)  for  the  Hall  configuration  (Figure  2e) 

for  toii>  10.  The  perforaanee  of  the  three  generator  configurations 
Is  suaaarlsed  In  Figure  where  a  nonnllaenslonal  power  coefficient 
Is  plotted  against  generator  efficiency  for  various  values  of 

A  good  generator  design  should  have  reasoxably  bi^  values  of 
both  efficiency  and  power  density,  the  foraer  for  good  overall  theraal 
efficiency  and  the  latter  to  keep  the  duct  slse  froa  becoalng  excessive. 
Figure  3  shows  that  these  conditions  can  be  ast  by  the  continuous  electrode 
generator  for  snail  values  of  by  tbs  Ball  ^rp«  ^or  large  and 

the  segsented  electrode  for  any  co'ii  *  The  segsented  electrode  type, 
however,  has  the  disadvantage  of  being  the  aost  coapllcated  of  the  three. 

The  theory  of  NHD  generators  has  been  flraly  established.  Many 
experlaental  units  have  been  built  and  tested.  In  this  country  and  abroad, 
ranging  In  slse  froa  a  few  watts  to  over  one  aegawatt.  Thus,  the  basic 
NHD  principles  are  no  longsr  In  doubt,  althoui^  aany  prbblea  areas  still 
renaln. 


B.  Coponents  Reqylred  for  QCR-MHD  Corolex 

The  OCR-MBP  syeteB  Is  a  closed  loop  consisting  of  a  rMctor, 
a  MBD  duct  and  its  auxiliary  eq]uips»nt  including  a  cryogenic  aagnet, 
a  steaa  generator-reheater  and  a  coqpressor.  A  hottoaing  steaa  plant 
of  eoDTentional  design  iaprorss  OTsrall  cycle  efficiency. 

The  hic^  te^^rature  reactor  requires  an  unclad  fuel  design. 
Unis  the  systen  vlU  hare  a  hlc^  concentration  of  fission  products, 
and  provision  for  reaote  aaintenance  aust  be  made.  The  core  is 
approKlaately  a  rl^t  circular  cylinder  of  graphite  pierced  by 
vertical  fuel  channels;  the  fuel  elaaents  are  of  the  annulsr  type. 

The  reactor  is  designed  to  operate  vlth  aa  average  outlet  gas  teapera- 
ture  of  3000*F. 

The  MBD  generator  is  a  rectangular  duct  designed  for  constant 
axial  velocity.  The  required  axial  variation  in  duct  cross  section  is 
achieved  by  expanding  outward  the  top  and  bottoa  surfaces  of  the  duct. 
The  superconducting  nagnet  coils  for  the  MBD  generator  are  positioned 
along  the  pazvdlel  veil)tieal  sides  of  the  duet,  lleetrodes  are  located 
along  the  duet  as  shown  seheaatleally  in  Figure  2. 

C.  Coolant  Requireaents 

Since  the  reactor  coolant  gas  is  also  the  MBD  vorklng  fluid, 
its  choice  Bust  be  Bade  froB  a  eoribinatlon  of  nuclear,  heat  transfer 
and  theraodynaalc  considerations.  For  the  BIQGR-MBD  systea  discussed 
here,  the  best  choice  seeas  to  be  helita.  HelluB  has  asgUgihle  neatroa 
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capture  cross  section,  and  it  is  stable  to  the  action  of  radiation.  It 
is  chemically  inert  and  has  no  harmful  effects  on  structural  or  contain¬ 
ment  materials.  Helium  is  not  hazardous,  vhich  simplifies  the  problems 
of  handling  axid  storage.  Die  low  molecular  weic^t  and  hl£^  specific 
heat  of  helium  results  in  high  heat  transfer  coefficient,  relatively 
low  reactor  system  pressure,  and  hl£^  gas  velocities  in  the  MED  duct. 

The  use  of  helium  also  results  in  good  electrical  conductivity  in  the 
MED  generator,  since  electron  mobility  is  quite  high. 

Ill*  Cycle  Description 

mmmmmmmmmmmmmmmmmmmmmmmmmmmmrn 

An  MED  generator  can  be  used  in  a  closed  loop  regenerative 
cycle  for  power  production  at  reasooably  good  efficiencies.  Con¬ 
siderably  better  efficiency,  however,  is  obtained  by  using  an  MED 
generator  as  a  topping  unit  for  a  modern  supercritical  pressure  steam 
plant.  The  reference  design  uses  helium  at  3000”F  for  the  MED  generator. 
The  bottoming  unit  uses  steam  at  3500  psl/l030*F  with  double  reheat  to 
1050”F.  The  reference  design  cycle  is  shown  in  Figure  4. 

Helium  flows  through  the  reactor  at  an  average  pressure  of 
104  psla  and  is  heated  to  3000*F.  FOr  the  net  power  rating  of  300  Mfs, 
a  helium  flow  of  1,243,000  Ib/hr  is  required. 

The  MED  unit  supplies  315*5  MHs,  and  an  additional  400  IW  is 
available  tram  the  steam  ^ole,  idilch  obtains  its  heat  from  the  hl|^ 
te^^rature  helium  leavixig  the  NED  unit.  Helium  leaves  the  MHD  generate 
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at  2300*F  and  flova  in  series  throuc^  the  tvo  steaa  reheaters  and  the 
steam  generator.  No  extraction  feedwater  heating  is  used  on  the  steam 
cycle,  so  that  the  helioa  temiperature  Is  reduced  to  a  low  value  (27^*F) 

In  the  steam  generator  to  minimize  coeipressor  size.  The  helium  compressor, 
which  requles  168.4  Mf,  is  driven  hy  the  steam  turbine.  Generator  losses, 
DC-AC  conversion  equipment,  cryogenic  magnets,  and  other  auxiliary  loads 
require  an  additional  47.1  MW,  leading  a  net  ou^t  of  $00  Mfe.  Beaetor 
power  requirement  Is  1062  Mft;  overall  plant  efficiency  Is  47*1)(« 

IF.  Design 


A.  Reactor 

The  design  of  the  BIGGS  was  based  on  a  thensal  output  of  1062 
megawatts  of  heat.  The  average  coolant  outlet  temperature  was  selected 
as  $000*F,  as  higher  temperatures  are  probably  feasible  only  for 
short-term  operation,  such  as  space  apipllcatlon.  For  this  outlet 
tesperature,  the  fuel  element  Is  an  unclad  DC-graphlte  matrix.  The 
anximum  fuel  center  line  temperature  was  limited  to  4000*F  by  the 
fuel  particle  migration  throu^  the  graphite  matrix  and  the  melting 
point  of  the  fuel,  UC,  which  is  4$00*r.  The  coolant  is  helium  for 
the  reasons  stated  earlier. 

A  coolant  inlet  tempezature  of  648*f  was  selected  based  on 
the  heat  balance  for  the  overall  cycle.  The  coolant  emt«rs  the  reactor 
and  flows  downward  between  the  Inner  and  outer  walls  of  ths  weosel. 


cooling  the  outer  eell  before  discharging  Into  the  plenua  belov  the  core, 
as  ahovn  In  Figure  5.  The  coolant  then  flows  upward  throuj^  the  core, 
reaoYlng  the  heat  generated  In  the  fuel,  to  obtain  a  3000*F  awerage 
outlet  teaperature.  Fixed  orifices  located  at  the  Inlet  distribute 
the  flow  20lt  farorable  to  the  hot  channel.  TSw  hot  gas  then  flows 
past  an  aUcall  aetal  seeding  Injector  before  entering  the  MED  generator. 

Tt0  core  design  was  optlalsed  by  a  thersal  analysis  in  which 
effects  of  fuel  ring  thickness  to  hydraulic  dlaaeter  ratio,  t/D  , 
overall  heat  flux  hot  channel  factor,  F  ,  core  yoluae,  and  average 
heat  flux,  w  for  a  constant  aaxlewai  fuel  center  line  temperature 
of  4000*F  were  studied.  Ihe  result  Is  shown  In  Figure  6.  It  Is 
nandatory  when  deteralnlng  the  values  of  heat  flux,  t/D  ,  core  voluae, 
and  F^,  that  a  "square"  be  cosq^eted  as  illustrated  for  this  design. 

Fron  the  Initially  selected  fuel  ring  thickness,  t,  and  t/D^,  a 
line  is  drawn  horlsontally  throuq^  to  the  selected  F^  and  then 
drawn  vertically  down  to  the  t/D^  curve  In  the  third  quadrant, 
horlsontally  to  the  diagonal  base  line  and  then  vertically  to  the 
t/D  curve  In  the  first  qioadrant.  The  t/D  In  the  third  quadrant 
SRist  natch  with  the  pre-selected  t/D  ratio  In  the  first  quadrant 
(a  sdss-natch  Indleate*  either  higher  <nr  lower  fuel  center  temperature). 
A  nore  detailed  treataent  of  this  asthod,  for  a  seaawhat  different 
design.  Is  given  in  Reference  k. 

9ie  fuel  eleasnt  consists  of  two  coneentrlc  annular  rings 
around  a  center  rod.  The  thldmess  of  the  fuel  ring  Is  0.yf3  in. 
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!Eh0  dlsMter  of  the  center  rod  Is  twice  the  fuel  ring  thickness.  The 
fuel  is  UC  dispersed  in  a  graphite  sMtriz.  A  cross  section  of  the  fuel 
elenent,  eith  dlnenslons,  is  shown  in  Figure  7. 

The  actlTS  core  approKlaates  a  ri^t  circular  cylinder  23*2 

ft,  in  dlaaeter  and  23*2  ft,  la  height.  The  nahber  of  fuel  channels 

is  602,  pitched  in  a  sqpare  array  on  10  inch  centers.  The  reflector 

regions,  radial,  top  and  botton,  are  two  and  one-half  feet  thick. 

The  noderator  and  reflectors  are  AOOT  grade  graphite, 

2 

The  total  heat  transfer  area  is  31>000  ft  ,  glring  an 
aTsrage  heat  flux  of  TlfOOO  Btu/hr.  ft^.  The  saucimai  heat  flux, 
which  exists  in  the  hot  channel  is  l63«000  Bti^hr,  ft^.  The  aaxlaun 
fuel  center  line  teaperature  is  3922*F,  A  suaaary  of  the  core  and 
reactor  perfomance  data  is  giren  in  Tshle  1, 

The  use  of  a  high  teqperature  unclad  ceranic  fuel  results 
in  the  diffusion  of  a  relatlrely  hLifix  percentage  of  fission  products 
into  the  coolant  strean.  These  relatively  high  activity  levels 
necessitate  provision  for  reswte  naintenaaoe  of  plant  coeponents. 
Piping,  tberaal  insulation  and  other  vulnerable  components  are  desiped 
to  be  resntely  replaceable. 
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lM>le  1 


500  QCR-IIHD  Datlgn  Data 


Reftctor: 


Itaezml  Ou^t,  Mf(t)  1062 

Coolant  Inlot  ni^orature,  *7  648 

Coolant  Outlot  Toivoraturo,  *7  3000  . 

Coolant  Tlov,  Ib/hr  1.245  z  10 

Core: 

Equivalent  Blaaeter,  ft  23.2 

Core  Height,  ft  .  23.2 

Average  Beat  TIuz,  Btu/4r-ft^  71,000 

Maxlana  Beat  71uz,  Btu/hr-ft^  163,000 

Total  Heat  Tranafer  Area,ft‘  51,000 

Total  Tlov  Area,  ft^  51.0 

Active  Core  Volvune,  ft^  9,700 

llBZlaauB  Tuel  Center  Line  Te^p.,  ”7  3^ 

Average  Coolant  Velocity,  ft/aec  kOO 

Pover  Density,  kw/liter  3.9 


B.  MHP  Qenerator 

7or  reasons  discussed  belov,  the  MED  generator  used  in  this 
design  Is  of  the  segmnted  electrode  configuration.  The  principle 
dlnenslons  and  characteristics  of  the  MBD  generator  are  shom  In 
Tlgure  8.  The  se^Moted-eleetrode  configuration  requires  the  use 
of  aanjr  pairs  of  electrodes,  perhaps  as  aany  as  100  pairs.  7oir  this 
reason,  it  is  not  so  desirable  as  the  Hall  eenflguratlon,  but  for  this 
psurtieular  design,  the  se^wnted  electrode  uas  the  only  aeriBible 
solutim. 
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The  generator  length  of  90*  my  appear  greater  than  alght 
be  desired.  This  disadvantage,  hcwsTer,  epuld  be  reaoved  by  doubling 
up  the  generator  into  a  U-shaped  duct,  and  using  an  elbov  to  reverse 
the  flov.  SosK  flov  loss  vould  be  incurred,  but  the  generator  length 
could  be  cut  approKiaately  in  half. 

Ihe  generator  electrodes  aay  be  nade  of  graphite,  tungsten, 
BolybdenoB,  or  sirconlua.  A  suitable  Insulating  naterlal  for  the  top 
and  bottoa  vails  and  the  spacers  betveen  electrodes  aay  be  slreonla, 
aluBlna,  nagnesia,  or  sose  other  refractory  oxide. 

n>e  superconducting  nagnet,  shown  scbenatlcally  in  Tlgure  9, 
consists  of  nany  layers  of  colls  wound  fros  nioblua-tln  and  nloblua- 
slrconiuB  wires,  nalntalned  at  liquid  heliua  tesperature.  Extensive 
investigations  have  shown  that  theraal  insulation  between  the  hot  gas 
inside  the  MHD  duet  and  the  liquid  heliua  required  for  superconducting 
should  present  no  serious  problea.  The  power  required  to  operate  the 
cryogenic  systen  is  a  very  snail  fraction  (less  than  one  per  cent)  of 
the  MHD  output. 

m  designing  the  MBD  generator,  it  was  assuasd  that  a  aagnetle 

O 

flux  density,  B,  of  10  v^er/a  is  Obtainable  froa  the  superconduetlng 

aagnet.  While  this  is  soaswhat  beyoad  present  technology,  it  is  within 

the  reala  of  possibility  for  futture  operation.  Hm  aean  static  tesipera- 

ture  in  the  MBD  generator  is  lA24*K  and  the  aoan  static  pressure 

is  3.2  X  10^  MevtoVa^  psla).  Buoe,  the  gas  density  ■  is  1.6a8  z 

2^  3 

10  ^  partieles/a  (MKB  units  are  used  for  cogvenlSBoe  throu^MUt  this 
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analysis).  Obe  electron  nobility  is  giyen  in  Figure  10.^^^  This  shovs 
that  at  1^4*K,  |x  H  ■  l.l4  x  10^  rolt**^  see**^,  and  benee  the  elec¬ 
tron  nobility,  is  O.JO  nV(yolt)(sec).  Thus^V"  B  ■  7.  Since 
this  value  is  betveen  1  and  10,  a  segnented  electrode  generator  con¬ 
figuration  is  selected.  To  obtain  a  generator  efficiency  of  QOJt,  the 
loading  paraneter^^^ 

E 

,  resistance  ,  _Z ,  0  0  (1) 

^  *  load  resistance  +  internal  resistance  "  ub  "  *  '  ' 

where  E  is  the  external  electric  field  in  the  y  -  direction  (refer  to 

y 

Figure  2a). 

To  operate  the  generator  at  lU24*K,  sane  fom  of  non-themal 
ionization  is  necessary.  The  possible  nethods  include  electron  heating 
ionization  (Eerrebroek  effect),  electron  injection,  and  fission  product 
ionization.  Previous  vork^^^  has  indicated  that  the  nagnltude  of 
ionization  attainable  by  fission  products  is  insufficient.  Of  the 
other  two  nethods,  the  Eerrebroek  effect  is  preferable  because  of  the 
arrangeaent  conplexity  of  the  electron  injection  equlpnent.  Ionisation 
phenonena  are  discussed  in  detail  in  Section  V,  and  the  problens 
involved  in  achieving  the  necessary  ionisation  are  outllnsd  in  Section  YI. 

Ionization  by  the  Eerrebroek  effect  involves  seeding  the  working 
fluid  with  alkali  natal.  The  concentration  refulred  is  such  that  a  Ihrg* 
part  of  the  natal  condenses  in  the  Imr  tengsraturs  portions  of  the  cgrele. 
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A  systea  for  eoUeetlng  aad  re-lnjeetlag  the  eondeneete  is,  therefore, 
required. 

Using  the  ionisation  paraiseters  calculated  In  Section  V  and 
the  constants  already  gieen,  the  current  density,  J  ,  is  calculated  to 

p 

be  93^  aaps/a  .  nie  pressure  gradient  along  the  generator  is 


This  equation  defines  the  required  duet  length,  vhleh  Is  27.3  ■  or  90'> 

C.  O^^r^CojygwMuto 

Besides  the  nuclear  reactor  auid  the  NBD  generator,  other  aajor 
coagponents  of  the  systen  eonplez  are  the  heliun  eonpressor,  the  stean 
STqperheater,  reheater,  and  eraporator  heat  exchangers,  the  B.C.  to 
A.C.  InTsrters,  the  alkali  netal  injection  seeding  equlpasnt,  aad  the 
conneeting  piping. 

Ihe  hellun  conpressor  is  of  the  nultl-stage,  axial  fLov  type 
design  for  a  nlnlaun  of  ■alntenanoe.  As  the  gas  contains  fission 
products,  all  naintenance  nust  be  dmis  reaotely.  Depending  on  the 
level  of  actlTlty  and  the  charaeteristies  of  the  conpressor,  it  can 
be  shaft  driven  off  the  stean  turblns-gsnerator  unit  or  by  a  separate 
stean  turbine  drive  unit.  The  pressure  ratio  across  the  conpressor  is 
2. 3^:1  aad  the  ialet  teagperature  is  273*f.  At  this  inlet  temperature, 
a  large  part  of  the  alkali  natal  sending  reqiaired,  aeeordlag  to  pmseat 
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estlnates  of  the  Kerrebrock  effect,  will  condense  before  passing  throu^ 
the  coepressor.  A  exstea  for  recorexy  end  re-lnjeetlon  is,  therefore, 
required. 

The  coepound  heat  exchanger,  consisting  of  superheater, 
reheater  and  evaporator,  for  the  steaa  bottoalng  cycle  is  of  conven« 
tional  design.  The  hl^  tei^rature  differential  between  the  hellua 
gas  and  the  steaa  in  the  superheater  and  reheater  imposes  design 
liBltations  concerning  theraal  stresses,  theraal  shock,  and  theraal 
expansion.  The  tube  and  shell  aaterials  are  a  hic^  te^erature-hli^ 
strength  alloy. 

The  D.C.  to  A.C.  inverters  utilize  ignitron  vacuua  tubes  which 
are  of  conventional  design.  Inverters  using  solid  state  devlees  any 
beeoae  availshle  by  the  tlae  required  by  the  NHD  application. 

The  connecting  piping  between  the  reactor  vessel  and  the 
MBD  duet  and  between  the  MBD  duet  and  the  heat  exchanger  is  internally 
Insulated  so  that  the  pipe  wall  teeperature  will  not  exceed  900*F. 

The  internal  ixisulation  is  eoaprised  of  aulti-lsyers  of  ZarO^,  BiO^ 
and  stainless  steel  baffles. 

y.  Methods  of  BOa-Theraal  loaizatiw 

As  pointed  out  earlier,  several  alternative  aethods  of  non- 
theraal  iwolzation  are  available  and  teve  been  analysed  in  sows  detail. 
Of  the  Mthods  available,  ioBisatlon  by  eleetroa  heatiag  Is  tte  asst 
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attraetlTB  possibllitgr.  If  this  should  not  be  feasible,  electron  injee* 
tlom  Is  available  as  an  alternate,  altheu|^  this  Involves  seas  rather 
eoBvlex  probleas  In  equlpaent  arrangeaent  and  rellabUl^. 

Since  an  unclad  fuel  Is  used,  the  coolant  neeessarlljr  contains 
a  hlj^  concentration  of  fission  products.  The  actlvl^  froa  these 
products  provides  scan  Ionisation,  but  the  necessary  Ionisation  probably 
cannot  be  achieved  by  fission  products  alooe.^^^  Therefore,  no  further 
discussion  of  this  aspect  vlU  be  aade. 

Although  the  preferred  aethod  of  Ionisation  Is  by  the  Ksrrebroek 
effect,  the  calculations  are  such  that  It  Is  simpler  to  analyse  the 
electron  Injection  ease  first  and  then  natch  the  reqiairemats  for  the 
Kerrebrock  effect  to  It.  This  is  the  aethod  used  belov. 

A.  Hectron  Injection 

In  this  sathod,  electrons  are  introduced  froa  an  external 

source  and  collide  vlth  the  hellua  atoas  to  ionise  thea.  The  poser 

(6) 

reqiulred  for  Ionising  a  unit  voluas  of  gas  is  given  by' 

■  O  n^  ^  z  1.6  X  lO”^^  (2) 

The  poser  density  of  a  segwated*^eetrode  gsaerator 

p^*.  o'.®  I?  »(!-»)  (5) 


e 
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If  the  power  consuaption  by  the  electron  genemtore  it  Halted  to 
of  the  generated  NBD  power,  then 


-  0.02  « 


g  6  X  l«6  x  10"^^ 
B  q  (1-q) 


But  ne  u 


(5) 


where  e  is  the  eleotronle  charge.  Ckad>lalag  (k)  and  (5)  results  in 


a  n  6  X  1.6  x  10”^^  .  ^ 

"■  " ■  ^  "  -  a  0.02 

e  |i  u  B  q  (1-q) 


(6) 


A  reasonable  value  for  a  in  pure  hellua  is  10*^^  a^/sec.^'^^  Ujpon  sub¬ 
stitution  of  the  appropriate  values  into  (6)  the  electron  denaity,  n, 
is  found  to  be  2.3$  x  10^^  electrons/a^.  It  then  follows  that  a 
0.263  eho/a,  P  *  ■  1.326  X  10^  watts/a^.  The  required  generator  voluae 

Q  (T  X 

is  3*1??  X  10  /I.326  X  10'  a  23.8  m.  The  current-voltage  characterlstlea 

can  now  be  easily  calculated  by  using  the  appropriate  fonaulaa  in  refereaee 

2  or  3>  The  results  are  1  a  24,8$0  volts/a,  X  a  lh,200  volts/a, 

X  y 

O 

■  93^  xhP/x  •  Ihe  current  density  is  rather  aodest  and  should 
not  cause  any  elnetrode  proiblea.  The  pressure  gcedieat  aleag  the  Irngth 
of  the  gsnsrator  is 
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g  -  B  -  9340  . 

SlBOC  the  pressure  drqp  across  tbe  generator  is  2.967  x  10^  levV*^ 
(97*23.  pal),  the  required  gsnerater  length  Is 

Ig  -  ■  ^-5  “  (9® 

Ihe  voltage  ou^t  Is  E  x  (distance  between  electrodes)  ■  14,200  x 

y 

0.ai5  -  11,550  volts. 

One  pertinent  foestion  Mqr  be  asked.  Bov  nanor  electron  genera¬ 
tors  are  requlredT  m  other  words,  what  is  the  distance  betseen  adjacent 
guns?  Since  the  injected  electrons  recoid>ine  vlth  positive  ions,  they 
need  to  be  constantly  replenished.  The  rate  at  vhidi  electrons  are  lost 
by  reco^ination  is  given  by 


to  «  -2 

•■—On 

dt 


(7) 


Bins  the  tlsM  it  takes  for  any  electron  dsaaitgr,  n,  to 
its  origiaal  value,  1^2,  is 

S-f*  4t.-i  — 

'  i  •  j  .*  «■ 


to  half 


(») 
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Bgr  •ubstituion,  th«  tlM  la  found  to  bo  4.26  x  10~^  s«e.  Slnee  tbo  gM 

la  Boylng  at  a  Toloelty  of  177$  tbo  diataneo  botwaon  adjaeont 

ganeratora  ahould  bo  5  u  -  (4.26  x  10~^}(l775)  ■  0.07$6  ■  (3  inehoa). 

Ihla  la  the  req,ulred  diataneo  If  tbo  oloetron  donalty  la  allowod  to 

1 A  1 A  ^ 

fluctuate  botwaon  2.3$  x  10  and  l.l8  x  10  ,  which  la  not  an 

unroaaonable  aaatnqptlon. 

Baaed  on  thla  apaclng,  then,  a  total  of  about  360  generatora 
la  needed  along  the  entire  length  of  the  generator.  Thla  la  one  of 
the  principal  objeetlona  to  thla  aethod  of  lonlxatlon.  The  eoiQliea- 
tlon  arlalng  froa  the  uae  of  thla  aaxqr  electron  generatora  aay 
neeeaaltate  exeesalwe  aalntenanee.  Ih  the  ealculatlona,  a  rocoaiblna-' 
tlon  coefficient  for  pure  hellua  waa  used.  The  Inelualon  of  Iwpurltloa 
In  the  reactor  coolant  gaa  adweraely  affoeta  the  reaulta.  Ewon  If  a 
purification  ayatea  la  uaed,  the  proaenee  of  aoaM  laipurltlea  la  . 
unaTOldablo.  Additional  Inforaatlma  regarding  the  effect  of  lipiirltlea 
on  recoeiblnatlon  appeara  neceaaary. 

B.  Electron  Heating  Ionization 

Thla  aethod  la  baaed  on  the  well  known  pheaoaeaon  that  In  aoat 
loV'preaaure  dlaehargea  the  Ionisation  resulta  fToa  electron  impact  and 
that  the  awerage  electron  energy  la  aangr  tlaea  the  theraal  value.  9w 
aaae  phenonenon  la  aeea  la  the  Towaeead  drift  tube.  She  reason  la  that 
the  energy  gained  by  the  eleetrona  aovlag  la  the  iileetrie  field  is  only 
la^fftoieBtly  transferred  to  the  heavy  aaleoules  throui^  elastie 
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coUlslonB.  Tti*  application  of  this  phanoaenon  to  enhance  ionisation 
in  an  NSD  generator  vas-firet  proposed  by  Professor  Ksrrebroek.^^^ 
Hence  this  aethod  has  becoae  known  as  the  "Kerrebroek  effect". 

Under  the  influence  of  this  effect,  the  electron  teaperatare 

(¥  )  in  an  MHD  generator  can  be  considerably  hlc^r  than  the  totsd. 

o 

teiveratore  (t^)  of  the  gas.  The  relation  between  these  tesperatures 

(9) 

in  a  segeented-electrode  generator  is  giren  by 


I,  (1^)® 


(9) 


In  using  equation  (9)9  the  precaution  should  be  taken  that  \i  (used  In 
cosputlng  B  a  u  B)  is  a  function  of  as  indicated  in  Figure  10. 

They  should  be  consistent.  Thus  a  trial  and  error  solution  is  in 
general  necesMry.  Such  a  procedure  was  followed  and  the  results 
below  were  obtained: 


T  a  2199*K  (at  inlet  of  generator) 

•1 

T  a  1766*K  (at  exit  of  generator) 

•2 

a  1960*K  (asan  value) 

|i  a  0.919  B^/(Tolt)(see) 

B  a  ^  1  -  9.19 


The  balluB  gas  ia  seeded  with  ceslus  vspor  which  has  a  very  low  ioaiia- 
tlOB  potsntial.  The  degree  to  which  eesius  is  iesiasd  Mgr  he  shliWilJitsi 
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from  SahA't  equation: 

O  ^  5/2  ^  y 

■■  ■  0.0335  . «P  (-  nr) 

1  -  'ce  *  ^0 

But  ■  «  P  • 

Substituting  the  approipriate  constants  glres 

-  2.0l>  X  10"^ 

1  -  r 

The  electrical  conductlvltgr  Is  given  by: 


(10) 


(11) 


0'Bae|jia(lcf)eu  (12) 

The  sane  conductivity  as  that  In  the  electron  Injection  case  (0.263 
aho/a)  Is  used.  Since  I  ■  1.626  x  10^  wT^, 

€  f  -  1.96  X  10“’^  (13) 

A  slaulteueous  solution  of  equatimis  (U)  and  (13)  gives 
c  ■  1.88  X  10~^  and  f  >  0.0104.  Thus  the  seeding  ratio  is  about  2 
atons  of  cesioi  for  eaeh  10^  atone  of  Is.  About  !)(  of  tie  oaoita  io 


ionised. 
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Utader  the  above  eondltlme,  the  characteristics  of  the  NHD 
generator  are  the  saae  as  those  In  the  electron  Injection  ease.  Thus 
the  dleenslons,  power  output,  voltage  output,  current  density,  and 
efficiency  are  all  the  sasw.  The  only  difference  Is  In  (vibltags 
gradient  along  length  of  generator),  since  here  ti  B  ■  $.15  whereiM 
fonsrly  It  was  7. 

The  lowest  teaperature  of  the  cycle  (Figure  k)  occurs  at  the 
eoapressor  Inlet.  At  this  point  the  partial  pressure  of  eeslua  Is 
5.86  X  10*^  ata.  The  corresponding  dev  point  Is  582*F.  Since  the 
actual  gas  teaperature  la  Zt3*T,  seas  of  the  ceslue  vapor  vill  condense 
Into  liquid;  the  amount  Is  estimated  to  be  95)(.  This  condensate  should 
be  removed  and  reinjected  at  the  NBD  generator  Inlet* 

VI.  Problem  Areas 

The  problems  Inherent  In  the  QCSB-NHD  concept  fall  Into  two 
categories:  systems  problems,  or  those  problems  resulting  directly 
from  the  coaiblmtlon  of  a  hl|^  tesperature  gas  cooled  reactor,  and  a 
NBD  generator  In  a  closed  loop  aukl  coaponent  problems  resulting  for 
the  most  part  from  hl|^  teaperature  service  required.  The  Investiga¬ 
tions  reported  In  this  paper  have  pointed  Out  many  of  the  areas  which 
require  resolution,  but  the  problems  have  by  no  means  been  solved. 

Naay  points  require  further  analysis  and  ammriaeatal  verifieatisa. 
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A.  Syatuu  Probl*— 

One  of  the  min  eystew  problems  is  that  of  the  proper  opera¬ 
ting  pressure.  Reactor  design  considerations,  such  as  heat  transfer 
coefficient,  fuel  Inventory,  core  sise,  etc.  require  hi^  gss  pressure, 
vhile  low  pressure  is  preferable  for  operation  of  the  MHD  generator, 
nie  reactor  heat  transfer  coefficient,  for  equal  gas  Telocities  throu|^ 
the  core,  is  proportional  to  the  eif^t-tenths  power  of  the  system 
pressure.  The  core  yolume,  assiaming  constant  unit  fuel  cell  design, 
varies  as  the  1.2^  power  of  the  pressure  level.  The  fuel  loading 
varies  ^pprcKimately  linearly  vlth  the  core  volume. 

As  far  as  the  NHD  generator  is  coneemed,  the  operating 
pressure  should  be  low.  First  of  all,  the  electron  mobility  is 
Inversely  proportloiial  to  pressure.  Low  pressure  leads  to  hL(^ 
electron  mobility  and  hl^  co'^.  Secondly,  at  a  given  temperature 
and  a  given  seeding  ratio,  gas  conductivity  varies  inversely  as  the 
square  root  of  gas  pressure. Thirdly,  reducing  the  pressure  would 
result  in  a  more  favorable  generator  geometry. 

The  choice  of  pressure  and  other  parameters  for  the  design 
resulted  in  the  necesslly  for  a  segMnted  electrode  generator  configura¬ 
tion.  If  at  all  possible,  the  Ball  configuration  would  be  preferable. 
Perhaps  a  somewhat  lower  generator  efficiency,  a  somewhat  lower  pressure 
or  a  conbinatlon  of  both  could  be  accepted  to  gain  the  advantage  of  tbs 
better  generator  configuratloa.  flUs  point  refuires  eoaoidmble 
further  investigation. 
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It  Is  not  known  whether  either  nethod  of  non-thennl  ionisation 
discussed  above  is  feasible.  While  electrons  are  known  to  cause  ionisa¬ 
tion,  the  uncertainty  of  electron  injection  lies  in  the  Mchanisa  and 
extent  of  reeoablnatlon.  Snail  anounts  of  ia(puritles,  particularly 
those  with  strong  electron  affinity  such  as  iodine  and  bronine,  nsy 
render  this  aethod  unworkable  with  high  concentrations  of  fission 
products.  TO  establish  the  nexisun  pemlsslble  Units  of  isqpuritles, 
it  appears  that  reconblnation  neasurenents  in  an  actual  or  sinulated 
reactor  coolant  gss  will  be  needed.  The  other  objection,  aentioned 
once  before,  is  the  conplexi^  and  mlntensnce  prOblen  involved  in 
the  use  of  nany  electron  generators. 

The  uncertainty  of  the  electron  heating  aethod  is  nore 
fundaaental.  While  both  Eerrebrock^^^  and  Robben^^^^  have  observed 
substantial  conductivity  enhanceaent  in  the  absence  of  a  aagnetlc 
field,  the  latter  found  no  evidence  of  non-eq.ullibriua  ionisation 
when  a  aagnetlc  field  vm  implied.  This  point  is  being  given  further 
intensive  investigation  in  several  Ishoratories.  If  the  basic  theory 
could  be  conflrsMd  experiasntally,  its  application  to  actual  m  gsaera- 
t<nrs  would  be  very  sisple  and  nost  attractive. 

Basil  aaounts  of  lapuritles  asy  have  very  iaportant  effects  on 
the  MBD  process,  sons  of  which  have  already  been  aentioned.  Firstly, 
they  greatly  Increase  the  electron  loss  rate,  especially  the  halogens 
such  as  iodine  and  broaine.  Secondly,  they  decrease  the  electron 
aobllity.^^^^  Thirdly,  they  greatly  increase  the  energy  loss  paraastvr 
S  of  equatim  (9)«  While  this  paraaster  is  apfrcatiaatsly  vodty  for 
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BonatoBlc  gases.  It  could  be  100,  1000,  or  larger  for  diatomic  and 
polyatomic  molecules.  From  eqviation  (9),  it  may  be  seen  that  a  large 
value  of  S  cmn  easily  nullify  tbe  electron  haatlng  or  Ksrrebrock 
effect. 

All  things  considered,  it  appears  that  an  efficient  helium 
pxiriflcation  system  vUl  be  necessairy.  Additional  experimental  informa¬ 
tion  vlU  be  needed  to  establish  the  tolerable  impurity  levels,  however. 

In  the  electron  heating  method  of  ioalsatlon,  cesium  was  used 
as  the  seeding  material  because  of  Ita  low  lonlaation  potential.  Even 
so,  the  concentration  required  is  such  that  a  large  fraction  condenses 
in  low  temperature  portions  of  the  cycle.  It  nay  be  more  attractive  to 
maintain  the  cesium  vaporised  by  raising  tbe  low  temperature,  thereby 
suffering  some  penalty  in  efficiency  but  eliminating  the  necessity 
for  a  cesium  recovery  and  reinjection  system. 

Cesium  is  quite  expensive,  and  any  material  lost  by  deposition 
must  be  mads  up  at  an  economic  burden  to  the  system.  In  addition,  cesium 
is  quite  corrosive,  and  that  portion  iriileh  remains  vaporised  and  is 
carried  throuc^  the  core  wmf  react  with  the  reactor  materials.  Any 
cesium  remaining  in  the  core  would  add  to  the  eecoonic  burden  and  would 
also  result  in  a  severe  penally  from  the  standpoint  of  neutron  economy. 

Its  neutron  capture  cross-section  is  Isrgsr  than  could  be 
desired.  It  is  expextslve.  If  cesium  proves  to  be  unaceepteble,  two 
other  possible  seeding  matorials  ere  UOg  and  Ba^O.  AM  formur  has  an 
Imlsatlm  potential  of  k,^  volts^^^  woA  the  latter,  k.O  welts.^^^ 
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These  are  about  comparable  to  potasslua.  However,  both  UO^  and  Ba^O 
have  very  low  vapor  pressures.  If  they  were  to  be  used,  special 

provisions  would  have  to  be  aade  to  geaerate  and  aaintaia  the  necessary 
concentrations  in  the  MBD  duet. 

The  effects  of  hi^  aagnetle  and  electric  field  intensity  and 
of  current  density  on  the  various  paraneters  requires  further  iavestlga> 
tion.  The  effects  of  shape  and  current  density  on  electrode  current 
leakage  and  possible  sparking  is  one  of  the  nany  other  prbblen  areas 
requiring  further  Investigation. 

B.  Coaipenent  Problens 

In  addition  to  the  already  aentloned  problens  and  study  areas 
associated  with  the  overall  RTOCR-IIHD  systen,  several  crltlcsd  areas, 
idiere  positive  Infomation  is  lacking,  nust  be  investigated.  These 
areas  are  associated  with  naterlals,  insula tl<»,  and  nalntenance. 

The  hig^  tesperatures  and  the  hi^  gas  velocities  encountered 
in  the  HTGGB-MHD  coaplex  iapose  a  nuniber  of  naterlals  problens.  The 
core  will  be  built  up  by  stacking  blocks  of  graphite  which  are  pierced 
by  the  fuel  channels.  Thus  the  stability  and  the  theraal  ^operties 
of  the  graphite  need  to  be  estshllshed  in  the  presence  of  mdiahlon  at 
30(X)*F. 

The  fuel  eleasnt  design  nust  be  proven  as  the  navlnnn  tempera¬ 
ture  llait  is  set  by  the  asltlng  tesperature  of  the  fuel  particles,  the 
Unit  ot  stehiUty  for  the  fuel  partiele  or  the  natrix  antenal,  tfes 
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rate  of  fuel  particle  algratlon  throuj^  the  fuel  eleaent  aatrlx  and  the 
rate  of  diffusion  of  fission  products  throu^  the  natrlx  aaterial.  The 
high  gas  velocity,  hOO  fps  and  higher,  throu^  the  core  requires  the 
fuel  eleaent  and  the  graphite  aoderator  to  have  good  eorrosi«i  and 
erosion  properties. 

The  outlet  gas  tenperature  of  3000*F  requires  the  reactor 
vessel  to  be  of  double  vail  construction  vith  hl^  tenperature  Insulation 
internally  on  the  inner  vail  in  order  to  keep  the  outer  vail  tenperature 
belov  1000*F.  Both  vails,  inner  and  outer,  require  a  hl^  temperature 
ferritic  asterlal. 

The  internal  Insulation  used  in  the  piping  and  the  MBD  generator 
Bust  reaain  intact  for  an  extended  period  of  tine  at  30CX)*F.  TSie  corrosion 
and  erosion  resistance  of  the  insulation  and  the  electrodes  used  in  the 
MHD  generator  aust  be  evaluated  at  yxX>*T  in  the  presence  of  gas  velocities 
approaching  2000  asters  per  see.  to  establish  the  lifetiae  for  replaeeaeat. 
Very  hi^  aagnetle  fields  are  required  for  this  concept  -  even  beyond 
the  reala  of  present  experlaental  technology  vith  superconducting  asgnete. 
The  feasibility  of  these  aagnets  for  long  tera  service  aust  be  established. 

The  BIGCR-liHD  systea  is  a  dirty  systea  as  the  fission  products 
diffusing  out  of  the  unclad  fuel  eleaents  are  carried  throu^out  the 
priaary  systea  by  the  heliua.  All  parts  of  the  priaary  systeas,  aust 
be  designed  for  alnlaua  routine  aaintenance  as  all  aaintenanee  and 
repair  aust  be  done  motely.  The  heliua  eoapressor  aust  be  deslgasd 
for  daeontaaiaatioa  aad  aust  be  oapahle  vt  reaste  rmmml  aad  rsplMaaMt 
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by  cutting  and  vcldlag  at  pradctaraliMd  points.  Iha  auxiliary  aqulpasnt 
requiring  regular  nalntenance  nust  be  located  la  a  hot  cell  arraafeneat 
equipped  with  ■anlpulators  and  special  tools. 


VII.  Cioncluslons 


This  paper  has  attesq^ted  to  show  one  attractive  possibility 
for  future  power  generation.  Bbvever,  as  has  been  deaoastrated,  the 
concept  of  the  OGR-MBD  conplex  Involves  aanlfold  probleas.  Idt  eaou^ 

Is  known  at  present  even  to  guess  at  the  possible  eeononles  of  this 
concept.  Indeed  nich  aore  Investigation  aust  be  uadertaken  before 
even  the  technical  feasibility  can  be  considered  eertalai  and  a  great 
deal  of  experlaeatal  work  reaalns  to  be  done  In  the  years  to  cosw. 

The  concept  does  offer  a  very  attractive  possibility  for  high  efflcieney 
power  generation  If  the  nany  probleas  outlined  in  this  paper  can  be 
solved. 
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a  Electron  or  ion  density,  a 

E  Particle  density,  a~^ 

2 

P  static  pressure,  psi  or  newtoas/a 

P^s  Partial  pressure  of  cesiua 

Total  pressure 
Power  density,  v/a^ 
q  Generator  loading  paraaeter,  ratio  of  external  to  total  resistaaee 

qi,"  Beat  flux,  Btu/hr  ft^«*F 
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T  Static  tesperature,  *K  or  *S 
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RecMibination  coefficient,  B^/sec 
Hall  coefficient 

Ratio  of  specific  heats  (5/3  for  heliua) 

E— rgy  loss  para— ter  (unity  for  — aatonie  cases 
Electron  half-life,  see. 
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Electrical  conductivity  of  gas,  nho/n 
Electron  —an  free  ti—  between  eolllsio— ,  see. 
Energy  of  for— tion  of  ion  pairs,  ev 
Electron  cyclotron  frequency,  mc*^ 

Seeding  ratio,  atoalc  fraction  of  seed  — terlal 
Efficiency 
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